Introduction
Amphoteric ion-exchange resins are promising stationary phases for liquid chromatography. 1 Because the resin contains positively and negatively charged groups immobilized on a single resin particle, it simultaneously retains anions and cations from an external solution. The separation of anions and cations can be achieved by a single column operation, and the use of water as an eluent is possible for some separations. This can drastically improve the sensitivity of detection, especially when conductivity detection is used.
Retardion resin 11A-8, one of the well-known amphoteric ionexchange resins, is a strong base anion-exchange resin trapping polyacrylate (a so-called snake-cage resin). The resin has become commercially available since 1957 and has been used for the separation of electrolytes and non-electrolytes. [2] [3] [4] It has, however, some unfavorable features; i.e., there is a difference in the number of positively and negatively charged groups (the quaternary ammonium and carboxylic groups) fixed onto the resin particle, and the trapped polyacrylate leaches out from the cage. 5 The amphoteric ion-exchange resins we have examined in this work have strong base and weak acid moieties in the single functional group (Fig. 1 ) fixed onto the styrene-DVB matrix. Therefore, they have the same number of fixed positive and negative charges, and show high stability as well as less shrinking and swelling properties. Although these resins will offer new interesting separation possibilities, very few studies can be found. 5 The ion exchange selectivity is characterized by the thermodynamic equilibrium constant; [6] [7] [8] however, a direct thermodynamic study of the interactions in the ion-exchange resin itself is seldom possible. We have already shown that NMR spectroscopy provides unique methods for probing the adsorbed species and for elucidating the solution environment inside the resin phase. [9] [10] [11] [12] [13] In the present study, the concentrations of ionic species in the amphoteric ion-exchange resin in equilibrium with various sodium salt solutions were estimated by 23 Na NMR spectroscopy. On the basis of this information, we elucidated the ion exchange and protonation properties of the amphoteric ion-exchange resin in the NaCl and NaClO4 solutions.
Experimental

Resins and reagents
The amphoteric ion-exchange resins, DIAION AMP01 and DSR01 (Mitsubishi Chemical Co.), were used in this work. The influence of simple salts on the ion exchange and protonation equilibria of an amphoteric ion-exchange resin, which has strong base and weak acid moieties in a single functional group fixed onto the styrene-DVB matrix, has been investigated. Concentrations of ionic species in the amphoteric ion-exchange resin in equilibrium with various sodium salt solutions were estimated by 23 Na NMR spectroscopy. For the NaClO4 system, the ratio of sodium ion concentration in the resin phase to that in the equilibrium solution was greater than 1 and increased with a decrease in the salt concentration. In contrast to an ordinary cation-exchange resin, the ion exchange behavior of Mg 2+ and Ca 2+ on the amphoteric ion-exchange resin showed a marked dependence on the kinds of salts: the distribution coefficients for the NaCl system were independent of the salt concentration, while the log D vs. log[Na + ] plots for the NaClO4 system showed linear relationships with slopes being neither -2 nor 0. Apparent protonation constants of the carboxylate in the functional group of the resin in equilibrium with NaClO4 solutions were greater than those with NaCl solutions. The ion exchange and protonation properties of the amphoteric ion-exchange resin were elucidated on the basis of the information about the salt concentrations in the resin phase estimated by the NMR method. The resins were placed into a glass column, a 1 mol dm -3 HCl solution was passed through them, and then they were washed thoroughly with water. The prepared resins were stored under an air-dried condition. The amounts of the functional group were estimated by subtracting the amounts of acid (HCl or HClO4) remaining in the acid solutions equilibrated with the resins from the initial amounts at a sufficiently high acid concentration. The water content of the resin and the interstitial volume of the resin bed were obtained by a column operation, 14 and the volume ratio of the resin internal solution to the external solution for the bed, Rv, was then estimated. Strong and weak acid cation-exchange resins, Bio-Rad AG 50W-X4 and Bio-Rex 70 (Bio-Rad Laboratories, Inc.), of the sodium ion form were used for comparison. Other reagents were of analytical grade and were used as received. All solutions were prepared with deionized water.
Ion Exchange and Protonation Equilibria of an
Distribution measurements
The ion exchange behaviors of Mg 2+ and Ca 2+ on the amphoteric ion-exchange resins were examined by a batch technique. A 20-cm 3 volume of sodium chloride or sodium perchlorate solution of a desired concentration containing a small amount of Mg 2+ or Ca 2+ was equilibrated with 0.3 g of the air-dried resin. After the equilibration had been reached, the concentration of the divalent cation in the equilibrium solution was spectrophotometrically determined using Eriochrome Black T (2-hydroxy-1-(1-hydroxy-2-naphthylazo)-6-nitro-4-naphthalenesulfonic acid, sodium salt) for Mg and Murexide (Purpuric acid, ammonium salt) for Ca. The distribution coefficient, D, was calculated from the analytical data according to the equation: 
NMR measurements for the resin
The 23 Na NMR spectra were recorded by a JEOL JNM-ECX400P spectrometer at the resonance frequency of 105.7 MHz. The NMR parameters were as follows: a flip angle of ca. 90˚ (9.8 ms), a pulse repetition time of 1 s and a spectral width of 13.2 kHz. The field frequency lock was achieved with a deuterium resonance of D2O in a concentric capillary tube. A series of sodium salt solutions of different concentrations were equilibrated with 0.3 g of the amphoteric ion-exchange resins. After equilibration, the resins were loaded into NMR sample tubes together with small amounts of the equilibrium solutions, and then the NMR spectra for the resin beds were measured in the same way as that for an ordinary solution sample. [9] [10] [11] [12] [13] Overlapping signals were resolved into individual peaks by a Lorentzian curve-fitting method. 15 
Titrations of the resin
Potentiometric titrations were performed with an automatic titrator AT-510 (Kyoto Electronics) under an atmosphere of nitrogen gas at 298 K. , where f, E0 and EJ are constants whose values were determined in advance by a Gran-plot at each sample titration. 16 The sample titrations were done on the amphoteric ion-exchange resins in equilibrium with NaCl or NaClO4 solutions at various ionic strengths.
Results and Discussion
Electrolyte concentrations in the amphoteric ion-exchange resins
The amounts of the functional group were estimated to be 3.12 mmol/g for both AMP01 and DSR01. In order to understand the influence of simple salts on the ion exchange and protonation equilibria of the amphoteric ion-exchange resins, we estimated the concentrations of the simple ions in the resin phases by the NMR method. The amphoteric ion-exchange resins, which had been equilibrated with various sodium salt solutions at different concentrations, were loaded into NMR sample tubes together with small amounts of the equilibrium solutions, and the 23 Na NMR spectra for the resin beds were then recorded (Fig. 2) . Two signals were observed: the lower field signal was assigned to the sodium ion in the resin phase and the other to that in the equilibrium solution. It is obvious that the exchange rate of the sodium ion between the resin phase and the external solution was sufficiently slow on the NMR time-scale. The signal intensity ratios of the resin to the solution, ANa/ANa, were evaluated from the NMR data and were then plotted versus the salt concentrations (Fig. 3) . The signal intensity ratios were nearly constant for the NaCl system over a wide concentration range. For the NaClO4 system, however, the ANa/ANa values were strongly dependent on the concentrations and became greater at the low concentrations. The ratio, ANa/ANa, can be written as:
where the upper bar refers to the resin phase, and Rv is the volume ratio of the resin internal solution (resin phase) to the external solution in an NMR sample tube. Because the Rv values could be almost constant irrespective of the salt concentrations under the experimental conditions, the signal intensity ratio should be nearly proportional to the ratio of the Na + concentration in the resin phase to that in the equilibrium solution. Moreover, the constant ratio for the NaCl system over the wide concentration range should be attained as a result of the same Na + concentrations between the resin phase and the external solution in equilibrium. In fact, the [Na + ]/[Na + ] values could roughly be estimated to be nearly 1 (0.97 -1.16) from Eq. (1) with RV = 0.83 obtained by the column operation. 14 In this work, the volume ratio Rv was assumed to be equal to 
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ANa/ANa for the NaCl system, and Na + concentrations in the resin phase and the values of log([Na + ]/[Na + ]) were then evaluated for various sodium salt systems (Fig. 4) . The values of log([Na + ]/[Na + ]) for the NaClO4 system were larger than zero and increased with a decrease in the salt concentration. Because of its high affinity, the perchlorate ion is adsorbed onto the amphoteric ion-exchange resin, so that the resin behaves as a kind of cation-exchanger at the low salt concentrations. As a result, the sodium ion invaded into the resin phase to compensate for the charge of the high affinity perchlorate ion and to fulfill the electroneutrality in the resin phase.
From the values of log([Na + ]/[Na + ]), the following selectivity order could be obtained for some monovalent anions: ClO4 -> SCN -> NO3 -> Br -> Cl -> CH3COO -> PH2O2 -. The nature of these anions should play a crucial role in the selectivity for the amphoteric ion-exchange resin, similar to that for amphoteric micelles. 17, 18 The affinity of an anion to the amphoteric ionexchange resin should be correlated with both the dehydration energy of the anion and the electrostatic interaction between the anion and the functional group. 19, 20 
Ion exchange properties of the amphoteric ion-exchange resin
For an ordinary cation exchange process, such as a cation M n+ being exchanged with sodium ions, the following reaction takes place:
This process can be characterized by the thermodynamic equilibrium constant, K.
The ion exchange of M n+ is controlled by the concentration of the competing sodium ion.
If M n+ was present in a trace concentration, the terms of nlog[Na + ] + log K -log G could be assumed to be constant for a cation-exchange resin of the Na + form, so that the log D vs. log[Na + ] plot should show a linear relationship with a slope of -n. 21 The plots for the ion exchange of Mg 2+ in the NaCl and NaClO4 solutions showed linear relationships with slopes of ca. -2 for both strong and weak acid cation-exchange resins (Fig. 5) .
The same experiment has been done for the amphoteric ionexchange resin AMP01 (Fig. 6) . Under the experimental conditions, the protonation of the carboxylate in the functional group could be ignored (the protonation will be discussed in the following section). The ion exchange behaviors of the amphoteric ion-exchange resin were quite different from those of the ordinary cation-exchange resins, because the Fig. 3 The 23 Na NMR signal intensity ratios of Na + in the amphoteric ion-exchange resin AMP01 to that in the equilibrium solution for the NaCl and NaClO4 systems. concentration of competing sodium ion in the amphoteric ionexchange resin appreciably changed together with the concentration in the external solution. For the NaCl system, the log D values of Mg 2+ and Ca 2+ for AMP01 were almost constant irrespective of the salt concentrations (Fig. 6 ). This means that the values of log([Na + ]/[Na + ]) were almost constant in this system. Such a phenomenon should occur as a result of the same Na + concentrations between the resin phase and the external solution in equilibrium, as we already mentioned in the previous section. For the NaClO4 system, however, the log D values were dependent on the salt concentrations, and the log D vs. log[Na + ] plots showed linear relationships with slopes not being -2 (Fig. 6) . Using the log([Na + ]/[Na + ]) values estimated by the NMR method, we re-plotted the log D data of Mg 2+ and Ca 2+ for the NaClO4 system (Fig. 6) 
As shown in Fig. 7 , fairly good linear relationships with slopes of ca. -2 were obtained even in the case of the amphoteric ionexchange resin. The same results were obtained for the ion exchanges on DSR01 in each sodium salt solution.
Protonation of the amphoteric ion-exchange resin
The same influence of the simple salts should also be observed for the protonation behavior of the amphoteric ion-exchange resin. The protonation equilibrium of the functional group and its protonation constant, KH, can be written as:
Because the hydrogen ion concentration in the resin phase cannot be measured directly, the apparent protontion constant, Kapp, has been conveniently used.
The following equation can be obtained from Eqs. (6) and (7) using the Donnan equation, where the quotient of the activity coefficients is assumed to be 1.
We evaluated the apparent protonation constants of the functional group from potentiometric data for the NaCl and NaClO4 systems. Figure 8 shows the log Kapp vs. 1 -a plots for DSR01. The log Kapp values decreased with an increase in the degree of protonation, 1 -a. Once the functional group is protonated, the positive charge of the quaternary ammonium in the functional group disturbs the subsequent invasion of protons, so that one protonation makes the next protonation difficult. For the NaCl system, the log Kapp values were greatly dependent on the salt concentrations. Due to the invasion of the salt, the dependence of log Kapp on the protonation degree is less pronounced at the high salt concentrations, especially at values higher than 0.5 for the NaClO4 system. At the zero protonation degree, the log Kapp values were 2.7 for the NaCl system and 3.3 for the NaClO4 system by the extrapolation of log Kapp to 1 -a = 0.
According to the conventional analysis, [22] [23] [24] the Donnan distribution term, log([Na + ]/[Na + ]), can be assumed to be zero at zero protonation degree, which means that the proton concentrations are the same between the resin phase and the equilibrium solution. If this assumption was valid in the present systems, the logarithm of the intrinsic acid dissociation constant of the functional group, log KH, could be evaluated by the extrapolation of the log Kapp values to the zero protonation degree. As we discussed in the previous sections, the Donnan distribution terms for the NaCl system should be zero at the zero protonation degree. Therefore, log KH was determined to be 2.7 by the extrapolation analysis. For the NaClO4 system, on the other hand, the Donnan distribution terms were not zero even at the zero protonation degree. We should evaluate the intrinsic acid dissociation constant of the functional group according to Eq. (8) using the Donnan distribution terms estimated by the 23 Na NMR method. The estimated log KH values for the NaClO4 system were 2.5 (I = 0.1), 2.8 (I = 0.5) and 2.9 (I = 1.0). Because of the high affinity of the perchlorate ion, the log Kapp values for the NaClO4 system were higher than those for the NaCl system; however, the intrinsic acid dissociation constants were almost the same.
Conclusions
The concentrations of the competing sodium ion in the amphoteric ion-exchange resin were evaluated for various sodium salt systems by the 23 Na NMR method. For the NaCl system, the concentration of sodium ion in the resin phase was almost the same as that in the equilibrium solution. The values of log([Na + ] / [Na + ]) for the NaClO4 system were larger than zero, and became greater at the low concentrations. On the basis of this information, we clarified the ion exchange behaviors of Mg 2+ and Ca 2+ on the amphoteric ion-exchange resin in the NaCl and NaClO4 solutions. Understanding the influence of the simple salts on the ion exchange properties of the amphoteric ion-exchange resin led us also to the correct interpretation of the protonation equilibrium of the carboxylate in the functional group of the resin. Similar phenomena would be observed for amphoteric micelles and membranes, or even for living cells. 
